Objectives-Firstly, to ascertain whether mortality among workers of the former Spanish Nuclear Energy Board (Junta de Energia Nuclear-JEN) was higher than that for the Spanish population overall; and secondly, if this were so, to ascertain whether this difference was associated with exposure to ionising radiation. Methods-A retrospective follow up of a cohort of 5657 workers was carried out for the period 1954-92. Cohort mortality was compared with that for the Spanish population overall, with standardised mortality ratios (SMRs) adjusted for sex, age, and calendar period. Also, Poisson models were used to analyse mortality from lung cancer in the cohort by level of exposure to ionising radiation. Results-Workers' median and mean cumulative exposures were 4 04 and 11 42 mSv, respectively. Mean annual exposure was 133 mSv. Excess mortality due to bone tumours was found for the cohort as a whole (six deaths observed; SMR 2.95; 95% confidence interval (95% CI) 1-08 to 6.43). Among miners, excess mortality was found for non-malignant respiratory diseases (SMR 2-94; 95% CI 2*27 to 3-75), and for lung cancer bordering on statistical significance (SMR 1 50; 95% CI 0-96 to 2*23; P = 0.055). Relative risks of dying of lung cancer from ionising radiation in the dose quartiles 2, 3, and 4 versus the lowest dose quartile, were 1*00, 164, and 0*94, respectively. Conclusions-Excess mortality from lung cancer was found among JEN miners. Nevertheless, no clear relation was found between mortality from lung cancer and level of exposure to ionising radiation in the JEN cohort. Continued follow up of the cohort is required to confirm excess mortality from bone tumours.
High doses of ionising radiation increase the risk of developing different types of cancer, and leukaemias in particular (except chronic lymphoid leukaemia). Current radiological protection standards are based on estimates, extrapolated from high dose risks, of the risk likely to be faced at low doses commonly encountered in the workplace.1 3 However, such estimates are subject to uncertainties stemming from the type of assumptions made in the extrapolation. Thus, the only direct way of ascertaining what really occurs at low doses is to study large populations similarly exposed.45
The cohort from the now defunct Nuclear Energy Board (Junta de Energia Nuclear-JEN) is possibly the first and most numerous nationwide occupational cohort followed up in Spain and, to date, has constituted the sole source of information on the possible effects of chronic exposure to low doses of ionising radiation among the Spanish labour force. This paper presents the results of follow up of the cohort for the period 1954-92, and sought to accomplish two objectives: firstly, to ascertain whether work at JEN facilities posed a higher risk of mortality than that faced by the Spanish population as a whole; and secondly, if any such evidence was found, to ascertain whether this difference was associated with exposure to ionising radiation.
Materials and methods

FEATURES OF THE STUDY SITE
The JEN, known nowadays as the Centre for Energy, Environmental, and Technological Studies (Centro de Investigaciones Energeticas, Medioambientales y Tecnologicas-CIEMAT), was set up in 1951 to be the public authority with responsibility at a national level for management and coordination of nuclear activities. From an occupational health standpoint, the most relevant activities undertaken by the JEN over the past 45 years have been research and teaching in the nuclear field, prospecting and exploitation of radioactive minerals in over 26 mines throughout Spain, and authorisation and inspection of nuclear and radioactive facilities. At present, the JEN runs just one centre, situated on the campus of the Universidad Complutense de Madrid, and some of its former staff have been transferred to the Consejo de Seguridad Nuclear (Nuclear Security Board), Empresa Nacional de UranioNational Uranium Corporation (ENUSA), and Empresa Nacional de Residuos RadiactivosNational Radioactive Waste Corporation (ENRESA). Moreover, its activities are no longer confined to nuclear energy and include research into energy of all types and their environmental impact. Of the 7002 permanent workers at JEN during the course of its corporate existence, a total of 1345 (19-25%) were excluded from the analysis for three different reasons: 272 (3 88%) for lacking sufficient identification and work related data to conduct a follow up and assess their mortality; 31 (0-44%) for having served out their entire term of employment before the date the follow up started; and 1042 (14-88%) for having been employed for less than six months.
Follow up of each worker began six months after the date of hire at JEN and ended at the time of death, 31 December 1992, or the date of last contact if before 31 December 1992.
DATA GATHERING
The following information was gathered for each subject in the study population.
Administrative and clinical data The primary source of information was the records of the CIEMAT's Personnel and Organisation Department; other sources of data used were medical records belonging to the Occupational Health Unit, and dosimetric records kept by the Personnel Dosimetry Section. Information used for each worker covered affiliation, date, smoking, and age at the start and end of the period worked at JEN in all capacities and in its mining operations.
Exposure data (dosimetry) All information was gathered from the dosimetric records kept by the CIEMAT's Personnel Dosimetry Section. The information used for each worker covered date and age at first and last exposure to ionising radiation, and cumulative year by year body dose from 1954 to 1992. Dosimetric data related to doses (expressed in units of effective dose (mSv)) of external penetrating radiation, estimated through personal body dosimetry. Although some readings of internal contamination had been taken for the period in question, they were operational controls not all workers in the study population, including date of death and cause where applicable. For follow up purposes, the following criteria and methods were used.
(1) All those workers who, on 31 December 1992, were actively employed at the CIEMAT or (if transferred) at the Nuclear Security Board, ENRESA and ENUSA, were deemed to be alive.
(2) In the case of workers who had died during active service with any of the four organisations, date and cause of death were found through the respective Personnel and Medical Service Departments.
(3) Vital status, and where applicable, date and cause of death for the remaining workers were found by means of consulting Social Security databases, and civil registries in towns where the main centres of activity had been located, for the period 1 January 1954-31 December 1986. It was also ascertained from the databases on mortality and causes of death kept by the National Statistics Office (Instituto Nacional de Estadistica (INE)), for the period 1 January 1987-31 December 1992.
All registered causes of death were coded to the international classification of diseases 9th revision (ICD-9).6 STATISTICAL ANALYSIS External comparison was carried out between mortality among the JEN workers and that of the Spanish population. Standardised mortality ratios (SMRs) adjusted for sex, age, and calendar period, were computed. These were obtained by taking JEN deaths (total and cause specific) and dividing them by the deaths which would be expected ifJEN workers conformed to the mortality pattern for the Spanish population overall.78 Also, SMRs were calculated on the assumption of five and 10 year latency periods for the potential effects of exposure to ionising radiation. For this purpose, the first five and 10 years of each worker's follow up were excluded.7 Lastly, we calculated the significance and 95% confidence intervals (95% CI) of the SMRs.9 10
Internal comparisons of mortality within the JEN population were carried out by level of ionising radiation. We studied the relation between mortality from lung cancer and cumulative dose of ionising radiation, classified into quartiles. Analysis was effected with Poisson models, constructed on data aggregated from follow up of the cohort (personyears)."'-With the aid of these models, it was possible to ascertain the relative risk (rate ratios) of dying of lung cancer for each quartile of dose of ionising radiation as against the quartile with the lowest dose, adjusted for age, calendar time, and smoking. Relative risks were also ascertained under the assumption of five and 10 year latency periods in the potential effects of exposure to ionising radiation; to this end, models were reassessed with five and 10 year lags for exposure of each worker. These calculations thus involved no reduction in sample size.7
All analyses were run on the full JEN cohort and three selected subcohorts: one composed Artaleo, Lara, Manzano, Ferruelo, Martin, Calero 0-00 (000 to 1-00 (0-01 to 5-59) 0-00 (0-00 to 2-12) lung cancer. We found no instance of significantly increased mortality by dose nor any dose-response relation between ionising radiation and mortality in the cohort. As was to be expected, smoking was associated with significantly increased mortality from lung cancer.
These results held when data were reanalysed with a five and 10 year latency. Although the findings in the three subcohorts were in line with those for the full cohort, the smaller numbers involved rendered the effect estimators more unstable and imprecise.
Discussion
Compared with the Spanish population overall, the JEN cohort showed significantly increased mortality due to non-malignant respiratory diseases and bone tumours. However, significantly increased mortality for any of the causes typically associated with exposure to ionising radiation was not found, whether for the full cohort or for subgroups broken down by work at the Madrid facilities, activity in mining operations, or five and 10 year latency periods.
When mortality of the JEN cohort was studied by level of exposure to ionising radiation, no evidence was found of significantly increased mortality or any dose-response relation for deaths from lung cancer, findings which likewise applied to the subcohorts and different latency periods of five and 10 years.
Most results for our cohort agree with those of previously published studies,4 17 20 are compatible with current knowledge in this field, 3 21 22 and to a certain extent stem from methodological limitations imposed by the topic of study.
Most epidemiological studies on workers in the nuclear industry have failed to show evidence of excess mortality compared with the reference population that is, normally the country as a whole or region in which the industry is located. Such findings are compatible with the healthy worker effect, a phenomenon whereby the mortality found among workers is traditionally lower than that of the populations to which they are compared in epidemiological studies.26 7 This effect is probably due, among other reasons, to selection of applicants on the grounds of good health at the time of hiring, their permanence in active employment while healthy, and the higher socioeconomic level of people actively employed than those who are not. '8 Occasionally, studies on workers in the nuclear industry have shown increased mortality in certain isolated areas, such as leukaemia,423" myeloma,3 32 tumour of the prostate33 , tumour of the thyroid,3' lung cancer,36 and other site specific cancers. However, these findings have proved difficult to interpret as: they are not consistent across the publications; they may be chance findings thrown up by multiple tests of significance; and they may owe their increased magnitude to small sample sizes which generate unstable effect estimators. 24 25 The results of our study on the non-miner and Madrid worker subcohorts agreed with those already summarised. Part of the healthy worker effect found (table 3) , in line with other publications, was less pronounced in tumours than in overall mortality, and may have been attributable to follow up losses. A scan of the Social Security database, followed by a search of the Vital Statistics Office mortality registries is standard procedure for follow up of work cohorts in developed countries.737 Yet it was only after 1987 that vital statistics for the Spanish population became accessible on line, with the result that, among subjects not registered on the INE mortality database, it is simply not possible to distinguish the living from those who should be regarded as lost to follow up before 1987. This circumstance, plus being denied access to vital status data of individual workers in the cohort (for reasons of confidentiality), barred us from gathering information on follow up of the percentage loss in the cohort.
The single item of note was the significantly increased mortality due to bone tumours. This finding has a certain degree of historical plausibility, in that it was found in the early part of the century among workers who painted luminous dials with radium.38 It must be said, however, that it was based on only six deaths in the full cohort and three deaths in the non-miner cohort. Then again, this tumour is especially associated with exposure to a radiations, a type not predominant among the non-miners in our cohort. Consequently, this finding is beset by the same problems of interpretation as those already described, and follow up of the cohort must therefore be continued, so that its permanence over time can be monitored and uncertainty surrounding its very existence, reduced.
In cases where the mortality of workers in the nuclear industry has been analysed by levels of exposure within the cohort, most studies have failed to show a clear association between dose and cancer mortality.4 20 Effect estimators have likewise proved to be imprecise, being compatible not only with the presence but also with the absence of risk related to exposure. In many instances, this has been due to the low levels of exposure, and the short mean periods of follow up, barely exceeding the latency periods in the potential effects of ionising radiation. It may also be due to non-differential errors in classification of exposure and imprecise measurement of exposure to ionising radiation, resulting from limitations of the measuring instruments and their technical improvement over the course of follow up. These facts possibly also help to explain the results of our study. Thus, exposure registered in the non-miner and Madrid worker subcohorts was about 1 mSv a year. To show that excess mortality is linked to exposure would require a cohort of 105-106 workers.23 24 It is of interest that subjects with radiation doses in quartile 3 registered the lowest relative risk (table 5) . This result remained unchanged when, with the aim of stabilizing mortality in the reference category, subjects with doses in quartile 1 and quartile 2 were grouped together in a single category. The absence of an unequivocal dose-response relation in our data indicated that estimators of excess risk should not be calculated per mSv/106, as is often seen in publications dealing with assessment of risk for ionising radiation. This somewhat unexpected finding may be due to the relative instability of the effect estimators, which were based on few deaths, as can be seen from their wide 95% CIs. Another explanation might lie in selection bias, whereby staff with the soundest health would have been hired for jobs that were the most hazardous, and so most exposed to radiation. It might equally be the consequence of the action of a residual confounder (a risk factor for mortality inversely proportional to dose), uncontrolled because of lack of information.
In contrast to the absence of a clear effect and the variability of the results of studies carried out on workers in the nuclear industry, studies on miners of uranium and other minerals that emit radon and related radioactive byproducts have proved to be consistent in suggesting a rise in mortality from lung cancer in these workers.' 1939 Radon shows a positive dose-response relation with lung cancer, both in smokers and non-smokers. Also, it interacts with tobacco to produce lung cancer.4 4 On the other hand, the effects of radon seem to be restricted to the production of bronchopulmonary tumours.
Increased total mortality, bordering on significance, was found in the miner subcohort compared with the Spanish population overall. This increase resulted from an appreciable rise in mortality due to non-malignant respiratory diseases, and to an almost significant increase in mortality from lung cancer. Nevertheless, we failed to find a relation between dose and mortality from lung cancer in the subcohort.
This could be attributable to several facts: firstly, the relative youth of the miner subcohort, which for the most part had not yet reached the ages of highest risk of lung cancer; secondly, the moderate doses of exposure received by these workers (table 2), because they had worked outside, in open pit mines in many instances, and had rigorously complied with the regulations for protection against ionising radiation; and thirdly, the absence of internal dosimetry and environmental exposure readings might have hindered identification of the relation. In fact, external dose probably represents only a small part of the doses to the lung among miners. Added to these considerations is the small size of the miner subcohort, which had only 24 cases of lung cancer (table 4) 
